The mechanism by which methionine relieves the growth inhibition of Escherichia coli K-12 that is caused by organic weak acid food preservatives was investigated. In the presence of 8 mM acetate the specific growth rate of E. coli 
INTRODUCTION
The preservative properties of weak organic acids have been exploited by mankind for thousands of years. The antimicrobial activities of many different weak acid food preservatives have been well documented (Eklund, 1980 ; Sheu et al., 1972 Sheu et al., , 1975 . Their toxicity is multifactorial and includes : the ability of the undissociated acid to diffuse freely across lipid bilayers and liberate protons in the cytoplasm, lowering the cytoplasmic pH (Booth, 1985) ; the intercalation of the undissociated acid into the lipid bilayer at low external pH (Stratford & Anslow, 1998) ; and the consequences of anion accumulation (Russell & Diez-Gonzales, 1998 ; Roe et al., 1998). Consistent with these modes of action, the inhibition provoked by these compounds is pH dependent. Several factors combine to make the inhibitory effects of weak acids more profound when the extracellular pH is acidic. The most effective compounds have acidic pK a values and will therefore exist largely in the charged (impermeant) form at neutral pH. The transmembrane pH gradient, which is the driving force for anion accumulation and consequently dictates the magnitude of H + liberation in the cytoplasm, is greatest at acid pH. Finally, deviations from the cytoplasmic pH range that is compatible with growth, and survival, are greatest when the external pH is acidic. Despite a number of studies on the mode of action of organic acids (Cherrington et al., 1991 ; Brul & Coote, 1999 ) their mode of growth inhibition has largely been assumed to be due to changes in cytoplasmic pH and the energetic status of the cell. A number of studies indicate that perturbation of membrane function is likely to be involved (Bakker & Mangerich, 1983 ; Bracey et al., 1998 ; Freese et al., 1973 ; Stratford & Anslow, 1998) while others indicate that effects on intracellular pH In order to understand how cells respond to weak acid treatment a number of recent studies have looked at the global effects of weak acids on gene transcription (Arnold et al., 2001 ; Pomposiello et al., 2001 ) and protein expression (Blankenhorn et al., 1999 ; Lambert et al., 1997) . These studies demonstrate the complexity of the cell's response to weak acid treatment. For example, treatment of cells with 5 mM sodium salicylate caused growth inhibition, and the transcription of 134 genes was significantly modulated (Pomposiello et al., 2001) . In the case of acetate treatment the expression of 86 genes was found to change significantly (Arnold et al., 2001) , and many of the changes involved genes that also show altered expression during exposure to salicylate. Proteomic studies have also led to the identification of several proteins whose expression is altered during weak acid stress (Blankenhorn et al., 1999 ; Lambert et al., 1997) . Once again the response is complex, involving the induction of general stress proteins (e.g. ClpB, DnaK, GroL, UspA), transcriptional regulators (e.g. Fur, H-NS) as well as proteins involved in metabolism (e.g. MalE, MalX, AceA, PtsH). Despite all the data obtained during these studies, however, the basis for inhibition of growth by weak acids remains uncertain.
In a previous study we looked at the behaviour of Escherichia coli cells treated with acetic acid (Roe et al., 1998) . The pH i is reduced from 7n85 to 7n48 when cells are grown in the presence of 8 mM acetate in a defined medium with a pH (pH o ) of 6n0. We also found that cells treated with inhibitory concentrations of acetate accumulate high levels of acetate anions in the cytoplasm and this accumulation is compensated for, at least in part, by a reduction in the size of the intracellular glutamate pool. Furthermore, recovery of pH i after the removal of acetate was dependent on an ability of the cells to synthesize glutamate. These data suggested that growth inhibition could result either from the observed reduction in pH i or from some consequence of the intracellular accumulation of the acetate anion. The question of how growth inhibition was achieved therefore remained unresolved.
Previous studies suggest that the methionine biosynthetic pathway in E. coli can be perturbed by environmental stresses leading to a reduced growth rate, which is caused by partial methionine auxotrophy. The growth of E. coli cells in minimal medium is inhibited at temperatures above 40 mC and this inhibition can be overcome by supplementation of the growth medium with methionine (Ron & Davis, 1971 ). This observation is explained by the heat sensitivity of MetA, the enzyme that catalyses the conversion of homoserine to Osuccinylhomoserine (Fig. 1) . In addition, a mutation conferring a defective heat-shock response maps to glyA, which encodes serine hydroxymethyltransferase (Gage & Neidhardt, 1993) . This enzyme is required for the biosynthesis of glycine from serine and, because of its role in regenerating the pool of N&-methyltetrahydrofolate, is also required for the biosynthesis of methionine (Fig. 1) . It has also been observed that methionine can relieve the inhibitory effects of acetate, which accumulates as a metabolic end product during fermentations with E. coli growing on glucose (Han et al., 1993) . However, in this case no explanation for the relieving effect of methionine was offered. Since this observation had the potential to reveal more about how cells are inhibited by weak acids we investigated it further.
Here we confirm the relieving effect of methionine on the inhibition of the growth of E. coli by weak organic acids. We show that intermediates from the methionine biosynthetic pathway above homocysteine (Fig. 1) do not have the same relieving property. Acetate-treated cells accumulate homocysteine, the last intermediate on the methionine biosynthetic pathway, and homocysteine was found to inhibit the growth of E. coli. Together these observations suggest that acetate may inhibit the activity of an enzyme in the lower part of the methionine biosynthetic pathway leading to the accumulation of homocysteine. The inhibition of growth by acetate can therefore be explained by a partial auxotrophy for methionine combined with the accumulation of an inhibitory pathway intermediate. (Epstein & Kim, 1971) were from our frozen stocks. MJF556 (Frag1, metB zij-2009 : : Tn10) was created by transducing Frag1 to tetracycline resistance using a P1 lysate grown on strain DV62 (metB zij-2009 : : Tn10) (Vallari & Rock, 1987) . The co-transduction of the Tn10 marker and the metB allele was confirmed by demonstrating that MJF556 was auxotrophic for methionine. Strains RG62 (metK84), RG109 (metK85) and their isogenic parent strain (K12 wild-type) were donated by Ron Greene (Basic Science Laboratory, Department of Biochemistry, Duke Medical Centre, Durham, NC, USA). Strain DG232 (glyA127) was obtained from Fred Neidhardt (University of Michigan, Medical School, Ann Arbor, MI, USA). Strains MJF378 (MJF274 rpoS ::Tn10) and MJF358 (MJF274 rpoS ::Tn10-kan) were used as donors in the P1 transductions to generate rpoS derivatives of Frag1. The rpoS ::Tn10 alleles were originally derived from E. coli strains RH90 (obtained from R. Hengge-Aronis) and ZK1000 (obtained from A. Martinez), respectively.
METHODS

Materials
Growth media. The growth experiments in this study were all carried out in defined media based upon citrate\phosphate buffer at pH o 6n0 as used in previous studies (Roe et al., 1998) . Measurements of growth were made by monitoring the OD '&! of 1 ml samples. A single colony of E. coli was used as an inoculum for overnight growth under limiting glucose conditions (0n04 %, w\v). Cells were subsequently supplemented with glucose (0n2 %, w\v) and allowed one cell-doubling step prior to dilution in fresh medium to an OD '&! of 0n05. Methionine supplementation was performed using a 0n2 M (100i) methionine stock solution, prepared freshly and filtersterilized on the day of the experiment. All specific growth rates are expressed as the mean of at least three independent growth experiments, p. pH i measurements. The pH i was determined by using the distribution across the cell membrane of a radiolabelled weak acid following centrifugation (Kroll & Booth, 1981) . In this method, bromododecane oil was used to separate the cell pellet from the supernatant, [7-"%C]benzoic acid (4n5 µM ; 0n1 mCi ml − ", 3n7 MBq ml − ") was used as the weak acid, and [$H]inulin (1n0 mM; 1n0 µCi ml − ", 1 kBq ml − ") was employed as an extracellular marker.
Pathway intermediate pool measurements. Cells (OD
'&! 0n6) were harvested for amino acid pool analysis by filtration of 1 ml through a Whatman membrane filter (cellulose nitrate ; 0n45 µM pore size) under vacuum. Filters were washed immediately with 5 ml slightly hypertonic NaCl solution (medium j50 mM NaCl) added drop-wise to the filter. The filters carrying the cells were then placed in Eppendorf tubes containing 1 ml ice-cold 0n1 % trifluoroacetic acid with norleucine (250 pmol ml − ") as an internal standard. The Eppendorf tubes were left on ice for 30 min to allow for extraction of the amino acids, the filters were removed, and the samples were then stored at k20 mC. The analysis of the amino acid pools was carried out as described previously (Amezaga et al., 1995 ; Roe et al., 1998) .
Overexpression of GlyA and MetE. The glyA gene was PCRamplified from E. coli strain Frag5 and cloned into vector pTrc99A (Amann et al., 1988) using standard techniques. Since there are two potential methionine start codons for GlyA both were used for cloning to produce plasmids pGlyA1 and pGlyA2. The 5h primers PG1 (gcccatggATGCGGATG TTAAAGCGTGAAATG) and PG2 (gcccatggATGTTAAA-GCGTGAAATGACCATT) were designed to amplify products with alternative methionine start codons in conjunction with primer PGSTOP (ccctgcagGGCATGAACAACGAGCA-CATTGAC) at the 3h end of the glyA gene. E. coli Frag5 was used as a template for the PCR reaction, which followed standard conditions. Primers PG1 and PG2 incorporated NcoI sites and pGSTOP a PstI site that allowed the PCR products to be cloned into the region downstream of the inducible Trc promoter of pTrc99a. Cloned products were sequenced in both directions to ensure they were correct when compared with the published sequence of E. coli MG1655 (GenBank accession number NC000913).
The metE gene was overexpressed in Frag1 using plasmid pMetE, derived from pRSE562, which carries the metE and metR genes (Maxon et al., 1989) . pMetE was constructed by removing the metR gene from pRSE562. This was achieved by digestion of pRSE562 with SalI and ligation of the gel-purified plasmid backbone using standard methods. The removal of metR was necessary since very high levels (40 % of soluble protein) of MetE are produced from pRSE562 and this leads to growth inhibition (Gonzalez et al., 1992) . Overexpression of MetE was confirmed by SDS-PAGE analysis of crude extracts of Frag1 (pMetE).
RESULTS
Inhibition of growth by weak organic acids is reversed by methionine
Previous workers (Han et al., 1993) had reported that the accumulation of acetate in fermentation broth led to growth inhibition and that this inhibition could be reversed by the addition of methionine. To confirm these observations we grew E. coli Frag1 at pH 6 in minimal medium and in the presence of a range of organic acids, such that the growth rate was reduced to 50 % of the uninhibited control. Addition of 8 mM acetate, 2 mM benzoate or 5 mM propionate resulted in a reduction of the specific growth rate of approximately 50 % (Table 1) . Methionine addition to the untreated control had no stimulatory effect on growth, but elevated the growth rate in all three acid-treated cultures to 65-78 % of the control rate. Methionine stimulated the growth rate of cells treated with up to 20 mM acetate at pH 6 (data not shown). In the earlier study (Han et al., 1993) , glycine was also found to relieve growth inhibition, but we were unable to observe growth stimulation by this amino acid in E. coli Frag1 (data not shown).
Previous work has demonstrated that weak acids can perturb the pH i due to their lipophilic nature and subsequent dissociation in the cytoplasm (Bracey et al., 1998 ; Cole & Keenan, 1986 ; Salmond et al., 1984) . We have shown previously that treatment of Frag1 cells with 8 mM acetate lowers the pH i from 7n85 to pH 7n48 (Roe et al., 1998 ). Therefore, we tested the possibility that methionine could relieve the inhibitory effect of acetate by preventing or reducing this drop in pH i . Cells grown in the presence of 8 mM acetate had a pH i of 7n40p0n09 and this value was not altered in the presence of 2 mM methionine despite the relieving effect of methionine on weak-acid-inhibited growth. This result demonstrates that relief from growth inhibition by methionine is independent of further changes in pH i and that the 
* Cultures were grown in MacIlvaine's minimal medium at pH 6n0. inhibition of growth effected by acetate is not solely due to its effect on pH i .
Methionine relief is independent of RpoS
The stress-inducible sigma factor, RpoS (σ s ), is known to play an important role in acid tolerance in E. coli (Castanie-Cornet et al., 1999) and it accumulates under conditions of weak-acid stress (Mulvey et al., 1990 ; Schellhorn & Stones, 1992) . It was therefore possible that the relief of growth inhibition observed in the presence of methionine was dependent on this sigma factor. We examined this possibility by looking at the ability of methionine to relieve acetate-mediated growth inhibition in a strain lacking RpoS. Frag1 was transduced to either tetracycline resistance or kanamycin resistance with P1 lysates grown on strains MJF378 (MJF274 rpoS ::Tn10) and MJF358 (MJF274 rpoS ::Tn10-kan), generating Frag1 rpoS ::Tn10 and rpoS ::Tn10-kan, respectively. Western analysis confirmed that these strains did not express RpoS (data not shown). When these strains were grown at pH 6n0 in the presence of 8 mM acetate their growth was inhibited to the same extent as the wild-type parent. When methionine (2 mM) was included in the medium all three strains showed comparable relief (Table 2 ). These data suggest that the relieving effect of methionine on weakacid inhibition of growth is independent of RpoS.
Intracellular accumulation of methionine leads to decreased sensitivity to acetate
The possibility that the intracellular pool of methionine could contribute to increased acetic acid tolerance was tested using mutants with altered methionine pools. Two strains (RG62 and RG109) carrying mutations in the metK gene have a reduced activity of MetK (Sadenosylmethionine synthetase ; Fig. 1 ) and this leads to the intracellular accumulation of methionine (Greene et al., 1973) . These strains, together with the isogenic parent (K-12), were grown without acetate and the intracellular pools of methionine were measured. As expected both mutants (RG62 and RG109) had elevated methionine pools relative to the parent strain ; methionine pools were approximately 1 mM and 4 mM for strains RG109 and RG62, respectively, compared with 0n1 mM for the wild-type parent strain. Other amino acid pools were similar with the exception of glycine, which was elevated approximately fourfold (data not shown). When sensitivity to weak acid treatment was investigated the parent strain exhibited normal sensitivity to acetate at pH 6 and was protected by methionine (Table 3 ). In contrast, the metK mutants displayed intrinsically slower growth rates but reduced inhibition by acetate and no restoration of growth by methionine. These data suggest that lowering the drain on the methionine pool by reducing the conversion to S- 
* Cells were grown to mid-exponential phase before harvesting by filtration. Intracellular methionine (Met) pools were measured as described in Methods. The values shown are the means of three triplicate experimentsp. adenosylmethionine relieved the inhibition caused by acetate.
Supplementation with methionine precursors fails to relieve growth inhibition
The genetics of the pathways of amino acid biosynthesis were originally elucidated via cross-feeding experiments using intermediates in the pathway. Using this classical approach we tested whether intermediates of the methionine biosynthetic pathway could act to relieve acetatemediated growth inhibition. If one of the steps in the pathway was inhibited by acetate then supplementation of the culture with intermediates downstream of the blockage should relieve the growth inhibition.
Three intermediates, homoserine, cystathionine and homocysteine ( Fig. 1) , were tested for their potential to relieve acetate-mediated growth inhibition. Homocysteine and homoserine were themselves found to inhibit the growth of Frag1, even in the absence of weak acid. The effect was most marked for homocysteine ; growth of Frag1 in the absence of acetate was inhibited by approximately 70 % when 2 mM homocysteine was included in the growth medium (Table 4) . Addition of acetate further increased the inhibition of growth (Table 4) . These inhibitory effects made it impossible to determine whether homoserine or homocysteine could bypass a potential acetate-mediated blockage in the methionine biosynthetic pathway. However, cystathionine, which feeds into the pathway after the MetB enzyme (cystathionine-γ-synthase), was not inhibitory to the growth of Frag1 and we were unable to demonstrate relief from acetate inhibition when it was added to the growth medium at a concentration of 2 mM (Table 4 ). This result was not due to a failure of cystathionine to support the biosynthesis of methionine in Frag1, since a Frag1-derived metB mutant (MJF556 ; Frag1, metB zij-2009 : : Tn10) could grow in methioninedeficient medium supplemented with cystathionine. Furthermore, the relief of acetate-mediated growth inhibition was only seen in MJF556 (metB) when methionine, but not cystathionine, was present in the growth medium (data not shown). These data suggest that inhibition by acetate might arise by blockage of a step after MetB in the methionine biosynthetic pathway.
Intracellular homocysteine levels increase following acetate addition
Inhibition of one or more steps in methionine biosynthesis should cause the build-up of pathway intermediates prior to the inhibited step(s). To test this, Frag1 cells were grown in the presence or absence of 8 mM acetate and the intracellular concentrations of homoserine, cystathionine and homocysteine were determined (Table 5 ). In the absence of acetate the concentrations of these intermediates were all very low ( 0n1 mM). After incubation with acetate, only the concentration of homocysteine increased significantly (Table 5 ). This suggested that inhibition occurred at a step after conversion of cystathionine to homocysteine.
The earlier observation that homocysteine was inhibitory to growth suggested that homocysteine accumulation itself might be sufficient to account for the acetatemediated inhibition of growth. Thus, cells were incubated with a range of concentrations of homocysteine and the growth rate correlated with the observed intracellular accumulation of the metabolite (Fig. 2) . The addition of 2 mM homocysteine caused almost 80 % growth inhibition, but as little as 0n5 mM was sufficient to cause a severe reduction in growth rate. The intracellular pools of homocysteine mirrored this, with an increase from approximately 0n15 mM to approximately 1n7 mM as the extracellular homocysteine concentration was increased from 0n25 mM to 0n5 mM. Since the addition of 8 mM acetate was found to increase intracellular homocysteine levels to approximately 1n6 mM in homocysteine-free medium, this could in itself be a major determinant of the growth inhibition caused by acetate.
Role of MetE and GlyA in acetate-mediated inhibition of methionine biosynthesis
The question of which step might be inhibited by inclusion of acetate in the growth medium is complicated by the fact that four different enzymes participate (directly or indirectly) in the final reaction of the pathway, the conversion of homocysteine to methionine (Fig. 1) . Either of two enzymes, the transmethylases MetH and MetE, can catalyse the transfer of a methyl group from &N-methyltetrahydrofolate to homocysteine to generate methionine in E. coli (Greene, 1996) . Since MetH has a requirement for vitamin B "# and our growth medium is not supplemented with this vitamin, MetE is the only enzyme that could catalyse this reaction in our experiments. We cloned and overexpressed metE (see Methods) and found no evidence to suggest that its overexpression could protect against growth inhibition by acetate (data not shown). However, two additional enzymes are required for the regeneration of &N-methyltetrahydrofolate, without which the final step in the biosynthetic pathway could not proceed. These are GlyA (serine hydroxymethyltransferase) and MetF (N&,N"!-methylenetetrahydrofolate reductase). Since GlyA had previously been shown to be involved in the heat-shock response (Gage & Neidhardt, 1993) it seemed possible that it might also be involved in the response to weak acid stress. We cloned and overexpressed glyA (see Methods) and showed that it could complement the heat-sensitive phenotype of a glyAdefective strain (DG232 ; glyA127). When this clone was transformed into Frag1 and glyA expression was induced with IPTG we found no protection against the inhibitory effects of acetic acid (data not shown). If either MetE or GlyA were inhibited by acetate (directly or indirectly) then overexpression of these proteins might be expected to overcome this inhibition, at least partially. It therefore seems unlikely that either of these enzymes is inhibited during acetate treatment.
DISCUSSION
Here we have confirmed the findings of an earlier study by Han et al. (1993) , which showed that methionine could relieve the acetate-mediated inhibition of growth of an E. coli culture. We have shown that the effects of methionine on acetate-mediated inhibition of growth can be replicated for other organic acids. In the present study we sought an explanation for this relieving effect. Mutations that lead to elevation of the intracellular concentration of methionine (metK mutants) also render cells resistant to the inhibitory effects of acetate (Table Inhibition of methionine biosynthesis by acetate 3). This result suggests that the methionine pool is limiting for growth when cells are exposed to inhibitory concentrations of acetate. This could be explained if one or more of the biosynthetic reactions leading to methionine synthesis were inhibited when cells are exposed to weak acid stress. In support of this idea is the finding that homocysteine, an intermediate in the methionine biosynthetic pathway, accumulates to a high level (1n6 mM ; 16-fold higher than untreated cells) in cells treated with 8 mM acetate (Table 5 ). The intracellular accumulation of homocysteine suggests that an enzyme below this intermediate in the pathway is inhibited during weak acid stress, and this is consistent with the observation that cystathionine (the intermediate immediately before homocysteine ; Fig. 1 ) fails to relieve the inhibitory effect of acetate (Table 4) . Additionally, we found that the accumulation of homocysteine in the cells, as a consequence of inclusion of this pathway intermediate in the medium, is inhibitory to the growth of E. coli Frag1 (Table 5 ). There is an excellent correlation between the extent of growth inhibition and the intracellular concentration of homocysteine (Fig. 2) . Indeed the intracellular concentration of homocysteine that inhibits the growth rate by 50 % (approx. 1n3 mM) is similar to the concentration found in acetate-treated cells (approx. 1n6 mM). These data suggest that a second reason for growth inhibition in cells treated with acetic acid is the accumulation of the toxic intermediate homocysteine.
The data we have presented here suggest that in the presence of organic acids, at mildly acidic pH, the methionine biosynthetic pathway becomes inhibited at one of the steps below homocysteine. This has two effects on the cell : depletion of the intracellular methionine pool and accumulation of homocysteine, the immediate precursor of methionine in the biosynthetic pathway. Since methionine is essential for protein biosynthesis as well as being required for the biosynthesis of S-adenosylmethionine, which is itself required for several important cellular functions (Sekowska et al., 2000) , it is likely that this will perturb the growth rate of cells.
How does the inclusion of methionine in the growth medium protect cells against inhibition by the weak acid acetic acid? First, methionine supplementation will overcome any growth inhibition arising from depletion of the intracellular methionine pool. Secondly, the presence of methionine in the medium is known to repress the methionine biosynthetic genes (Greene, 1996) and feedback-inhibit the activity of homoserine succinyltransferase (MetA), the first enzyme in the methionine biosynthetic pathway ( Fig. 1 ; Lee et al., 1966) , which will prevent synthesis of homocysteine. The mechanism by which homocysteine exerts its toxic effect is unclear. However, Hahn & Brown (1967) showed that in Sarcina lutea homocysteine acts as a competitive inhibitor of methionyl-tRNA synthetase. When the intracellular ratio of homocysteine to methionine increases, which it is predicted to do when E. coli is treated with organic acids, such as acetate (Table 5) , the levels of tRNA Met will decline and growth inhibition will result. Relief in the presence of methionine could then occur by decreasing the homocysteine\methionine ratio, leading to restoration of the tRNA Met pools.
Previously we have considered the effects of organic acids primarily in terms of their lowering of cytoplasmic pH. At pH values close to the pK of the organic acid inhibition is multifactorial as was indicated above. It is clear that effects on cytoplasmic pH, perturbation of membrane lipids and effects of anion accumulation are likely to be maximal at these low pH values. However, at mildly acidic pH (pH 6) it is clear that the reduction in cytoplasmic pH by acetate is insufficient to cause profound growth inhibition, since in the presence of methionine the growth rate is restored to around 80 % of the untreated control. Whether the enzymes of methionine synthesis are themselves sensitive to the lowered pH, organic anions or a combination of both is not clear. Incubation with acetate at pH 6 causes the accumulation of approximately 240 mM acetate anions in the cytoplasm (Roe et al., 1998) . This accumulation is partially compensated for by the depletion of the glutamate pools. However 75 % of the acetate anion pool must be compensated for by lowering the intracellular concentration of other anions, whose identity remains unknown (Roe et al., 1998) . It is conceivable that it is the depletion of these anions, which may represent important metabolic intermediates, that results in inhibition of methionine biosynthesis.
It is clear that methionine biosynthesis is unlikely to be the only pathway affected by incubation of cells with organic acids, since restoration of growth by methionine is not complete. Thus, we need to keep in mind that organic acids may exert their effects via changes in the activity of particularly sensitive pathways, such as that for methionine biosynthesis, and the more general inhibition arising from the change in cytoplasmic pH and anion composition. Clearly, in E. coli K-12 the inhibition arising from inclusion of acetate in the growth medium at mildly acidic external pH is more complex than simply altered cytoplasmic pH.
